Why are some animals active by day and others by night? The selective forces that favor diurnal versus nocturnal activity may be evaluated by comparing age classes within a species that exhibits intraspecific (ontogenetic) variation in activity times. In many species of toads, adults are nocturnally active but postmetamorphic animals are primarily diurnal. The small body sizes of these animals render them vulnerable to desiccation and overheating-so why are they active by day? To answer this question, we studied an invasive population of cane toads (Bufo marinus) in tropical Australia. In the field, these small toads often encounter cannibalistic conspecifics because desiccation risk concentrates toads around the moist margins of the natal pond. We manipulated factors that differ between day and night (time of day, illumination, presence of cannibalistic conspecifics, scent, or visual cues from cannibalistic conspecifics) to identify the proximate cues and fitness advantages associated with diurnal versus nocturnal activity. Activity levels, response to disturbance, and feeding rates of metamorph toads were enhanced by light but suppressed by the presence of a larger conspecific. Metamorphs used both visual and scent cues to detect larger toads. An endogenous diel rhythm in activity was present also but weaker in metamorph toads than in larger (cannibal sized) individuals. The risk of cannibalism was high only at night and only in dark conditions. Thus, the diurnal activity of metamorph toads enables these vulnerable animals to avoid conspecific predators.
T he times of day that an animal is active constitute an important dimension of its ecological niche (see Schoener 1974; Albrecht and Gotelli 2001; Kocárek 2001; KronfeldSchor and Dayan 2003) . Different patterns of diel activity expose an animal not only to different abiotic conditions (e.g., temperature, humidity) but also determine the effectiveness of alternative sensory modalities (e.g., illumination levels influence the reliability of color vision: Dyer and Chittka 2004; Melamud et al. 2004) , the kinds of prey that are available, and the types of predators to which the animal may be exposed (Halle 1993; Angeli et al. 1995; Metcalfe et al. 1999) . Thus, sympatric diurnal and nocturnal organisms may experience profoundly different environments (Metcalfe et al. 1999; Oishi et al. 2004; Dar et al. 2006) .
Many factors may influence activity times, so how can we best identify proximate mechanisms and ultimate (adaptive) advantages of specific diel activity schedules? The best opportunities may come from taxa that display lability in times of activity. For example, the diel timing of activity may shift seasonally (e.g., snakes -Shine 1987; Schwaner 1989; fishes-Heggenes et al. 1993; Sanchez-Vazquez et al. 1998; salamanders-Dolmen 1983a salamanders-Dolmen , 1983b frogs-Oishi et al. 2004) , geographically (e.g., reptiles -Cogger 1983; flies-Dahlgaard et al. 2001; salamanders-Dolmen 1983a salamanders-Dolmen , 1983b lions-van Orsdol 1984) , or in response to anthropogenic disturbance (e.g., coyotes- Kitchen et al. 2000) . Even better, in some taxa, the diel rhythms of activity differ between subgroups within a single population (by sex, size, age, hierarchical status, or state : Dolmen 1983a : Dolmen , 1983b Magnan and Fitzgerald 1983; van Burskirk 1992; Metcalfe et al. 1998; Alanärä et al. 2001; Marcelli et al. 2003; Hansen and Closs 2005; Rudolf 2006 ; for reviews, see Kronfeld-Schor and Dayan 2003; Neuhaus and Ruckstuhl 2005) . Such intraspecific diversity facilitates direct comparisons between individuals that are similar in most other respects and live in the same place at the same time.
Two kinds of information on such taxa can be used to clarify intraspecific divergence in times of activity. First, we can explore the advantages and disadvantages of activity at different times to identify selective forces that may have shaped that divergence in activity schedules. Second, we can identify proximate cues that drive activity patterns; such cues may not only provide direct information on underlying selective forces but also allow us to predict how variation in ambient conditions (proximate cues) will translate into variation in schedules of activity.
Although they are largely nocturnal as adults, many anuran amphibians (frogs and toads) display occasional diurnal activity. In some species, diurnal basking serves a thermoregulatory function (Brattstrom 1979; Hutchinson and Dupre 1992; Lambrinos and Kleier 2003) ; in others (especially chemically defended lineages, such as dendrobatids : Savage 1968; Myers et al. 1991 ), all major activities (feeding, mating, etc.) occur by day (e.g., Phylobates- Duellman and Trueb 1986; Crossodactylus, Hylodes, Megaelosia-Jordão-Nogueira et al. 2006; Taudactylus-Liem and Hosmer 1973) . Ontogenetic shifts in activity times (the strongest opportunity to examine correlates of diel cycles, as noted above) are widespread in ''true toads'' (Bufonidae and related families: Black and Black 1969; Minton 1972; Fitzgerald and Bider 1974; Taigen and Pough 1981; Duellman and Trueb 1986; Freeland and Kerin 1991; Sievert GA and Sievert LM 1993) . Adults of most or all toad taxa are largely nocturnal, as is the general rule for anurans and presumably was ancestral for toads. However, a trend for immediately postmetamorphic individuals to be active by day rather than by night has been reported in a diverse array of toad taxa (e.g., Black and Black 1969; Minton 1972; Fitzgerald and Bider 1974; Taigen and Pough 1981; Duellman and Trueb 1986; Sievert GA and Sievert LM 1993; Oishi et al. 2004 ). For example, cane toads (Bufo marinus) shift from diurnal to nocturnal activity when they attain body sizes of about 30 mm snout-urostyle length, a shift seen both in their invasive range within the Australian wet-dry tropics (Freeland and Kerin 1991) and in their native range in Central America (Zug GR and Zug PB 1979; Savage 2005) .
At first sight, diurnal activity by metamorph toads is perplexing. High surface area to volume ratios mean that these tiny animals desiccate rapidly (Krakauer 1970; Seebacher and Alford 2002) and can overheat with a few minutes' exposure to direct sunlight (critical maximum temperature for premetamorphs is about 43°C : Floyd 1984) . Why, then, are small toads active mostly by day? Plausible answers include the following:
(1) Illumination level-perhaps metamorphs require high light levels for their eyes to function effectively in detecting prey and predators (metamorphs have smaller visual rods in their eyes than do adult conspecifics: Kinney and Fisher 1978) ; (2) Vulnerability to predation-cannibalism is common, with larger juvenile toads specializing on smaller conspecifics as prey and relying on metamorph movement to trigger an attack (Hagman and Shine 2008; Pizzatto and Shine 2008 ); (3) An endogenous day-night rhythm-some taxa are entrained to circadian rhythms, regardless of proximate conditions, and such entrainment may rely on specific neural capabilities that develop only gradually with age (Morgan 2004 ). Other less likely possibilities include availability of insect prey (more common at dusk and into the night than by day: Pizzatto L, personal observation), thermal regimes (colder conditions may impair performance, but nocturnal temperatures are similar to diurnal temperatures for much of the wet season in our study area: Shine and Brown 2008), or hydric regimes (night rather than day is better for a small toad: Child, Phillips, Brown, and Shine 2008) . We thus explored the role of the first 3 factors listed above, keeping the others constant, in influencing activity levels of metamorph toads, their response to disturbance, their feeding rates, and their probability of survival in the presence of a cannibalistic conspecific.
MATERIALS AND METHODS

Study species
The cane toad B. marinus (tentatively reallocated to the genus Chaunus by Frost et al. [2006] or Rhinella by Pramuk [2006] ) is a large (to 24 cm snout-urostyle length, 2 kg) terrestrial anuran native to South and Central America but widely translocated elsewhere in attempts to control insect pests (Lever 2001) . Cane toads were brought to Queensland in 1935 and are now abundant throughout most of tropical Australia (Urban et al. 2007) . Their potent toxins are deadly for many Australian anuran predators (Phillips et al. 2003) , and thus, the most important predators of cane toads in Australia may be other cane toads (Hagman and Shine 2008) .
Desiccation risk restricts metamorph toads to the moist margins of natal ponds during the dry season Child, Phillips, Brown, and Shine 2008) . Metamorphs do not use refuges except to escape desiccating conditions near midday; the rest of the time (both by day and by night) they are found on the open muddy pond edges. Young toads are active and responsive by day (they move frequently and retreat if touched), whereas they are largely immobile at night (rarely moving and failing to respond to touch: Freeland and Kerin 1991; Pizzatto and Shine 2008) . Risk of cannibalism offers a potential explanation for this nocturnal inactivity. Larger (juvenile) cane toads emerge from the surrounding vegetation at dusk and prey on their smaller brethren (metamorphs represented 67% of prey biomass ingested by larger toads captured around a single pond: Pizzatto and Shine 2008) . Prey movement is necessary to elicit cannibalistic attack (Pizzatto and Shine 2008) . Specialized toe-luring behavior by large juvenile toads attracts smaller conspecifics to within range of attack (Hagman and Shine 2008) . Thus, nocturnal immobility may protect metamorph toads from cannibalism.
Experimental protocols
Toads were captured from waterbodies in the Adelaide River region and housed individually in plastic containers (5 3 10 3 7 cm), lined with wet soil and with ad libitum access to water, in a shaded outdoor area (and thus exposed to natural air temperatures and photoperiod). Food (termites and crickets) was provided twice weekly.
To explore the reasons for diurnal activity in metamorphs, we conducted experiments to test whether the major behaviors known to differ between night and day for metamorph toads (activity levels, antipredator responses, and foraging rates) result from some endogenous circadian rhythm or are direct responses to light levels or to the risk posed by a potentially cannibalistic conspecific. Similarly, is vulnerability to predation by larger toads dependent on circadian rhythm and/or light cues? Because thermal and hydric regimes do not seem to be plausible determinants of diel shifts in metamorph behaviors (see above), we simply held these variables constant, at levels that facilitated metamorph activity Child, Phillips, Brown, and Shine 2008) rather than manipulating them. All experiments were run at 30°C and 70% humidity. Diurnal trials were conducted between 1000 and 1200 h and between 1400 and 1600 h (thus avoiding the hot midday period when metamorphs are rarely active in nature), and nocturnal trials were conducted between 2000 and 2300 h. Each metamorph was used in only a single trial. All experiments, including those involving cannibalism, were approved by the Animal Ethics Committee of the University of Sydney (L04/5-2007/3/4515).
Is the level of spontaneous activity driven by light levels, by an endogenous circadian rhythm, and/or by predation risk?
We tested metamorphs under 8 sets of conditions, comprising an orthogonal combination of time of day (day vs. night), level of ambient illumination (artificial lights switched on vs. off), and predation risk (presence vs. absence of a larger [cannibal sized: see Hagman and Shine 2008; Pizzatto and Shine 2008] conspecific). Illumination was controlled by fluorescent lights, and windows were sealed to preclude ambient light. Both by day and by night, illumination levels within the room averaged 90 lux with the lights on and were undetectably low with the lights switched off (Minolta flash meter). Each testing arena consisted of a plastic bin (70 3 30 3 40 cm) lined with wet sand and soil, inclined at 5°, and with 1.5 L of water pooled on the lower side. Groups of 15 metamorphs (collected from nearby waterbodies within the preceding 48 h) were placed in each bin (total of 4 bins per experiment) and allowed to acclimate to the treatment conditions (e.g., day, dark, and no cannibal) for 1 h. To simulate predation risk but without inducing cannibalism (for ethical reasons), we fed larger toads to satiation (on crickets) 1 h prior to our trials. We then observed each focal metamorph toad (total of 50 individuals from the 4 bins) for a maximum of 2 min in turn to record if it moved spontaneously (i.e., changed location).
Is the diel rhythm of antipredator response driven by light levels, by an endogenous circadian rhythm, and/or by predation risk?
At the end of the 2-min observation period (above), each of the 50 observed metamorphs was lightly touched on the back with a twig. We recorded whether the animal moved away from the stimulus or remained immobile. This experiment was run in two 120-min blocks from 16 to 24 July 2007.
Is the diel rhythm of foraging affected by light levels, by an endogenous circadian rhythm, and/or by predation risk?
To answer this question, we conducted a new set of experiments but under the same conditions as the previous one. For these trials, we placed only a single metamorph in each container (N ¼ 10 toads per treatment), added 10 worker termites (collected from nearby nests) to the container, and allowed the metamorph to forage for 5 min. At the end of the 5-min feeding period, we scored the number of termites remaining. To investigate whether a metamorph's foraging tactics are affected by the factors we manipulated, we measured feeding rates in small containers (15 3 10 3 7 cm: see above) as well as in larger containers (70 3 30 3 40 cm; N ¼ 10 toads per treatment). In the larger bins, metamorphs had to move about to obtain prey items (we introduced the termites to the opposite half of the container to that of the metamorph, so that the young toads were forced to actively search for prey). In the smaller containers, a young toad could feed without engaging in locomotor activity (i.e., ambush predation). In the trials to determine if predation risk affected feeding rates, we added a well-fed adult toad to half of the larger containers. Adults and metamorphs were separated for the acclimatization period by a cardboard divider, which was removed immediately prior to the introduction of termites. The adult toads were given access to ad libitum food (crickets) 1 h prior to the trials to eliminate cannibalism. Experiments were run on 12 and 13 Feb 2007.
Does vulnerability to predation depend on light levels or an endogenous circadian rhythm?
We used the same day/night, dark/light treatments (N ¼ 15 toads per treatment) as in the above experiments, but each metamorph was housed with one adult toad (the latter was food deprived for the preceding 6 h). We separated metamorphs and adults by a cardboard divider for the acclimation period. On removal of the divider, the trial was run for a further hour, after which we scored whether or not the metamorph had been consumed. The replicates within this experiment were run over a 30-h period on 15 and 16 Feb 2007.
What cues do metamorphs use to avoid larger conspecifics?
We used plastic gutters 2.3 m long and 10 cm high, lined with sand, and inclined to 5°to simulate the margin of a pond. The lower end contained water over a 27-cm length. Chemical and visual cues of larger (cannibal sized ¼ 7.0-12 g : Hagman and Shine 2008; Pizzatto and Shine 2008) toads were presented in 4 ways:
(1) Visual plus chemical cues-a juvenile toad inside a 10 3 20-cm mesh box beside the pond edge; (2) Visual but not chemical cues-a juvenile toad inside a transparent plastic box beside the pond edge;
(3) Chemical but not visual cues-3 g of toad scented unbleached toilet paper beside the pond edge; and (4) Neither visual nor chemical cues-a juvenile toad inside an opaque (black) plastic box beside the pond edge. To collect the toad scent, we housed adult toads (100-250 g) singly for 24 h in plastic containers (5 3 10 3 7 cm) lined with damp unbleached toilet paper. For the experimental trials, we released a single toad metamorph in the middle of the gutter's length after a 30-min acclimation period under a circular plastic container (7 cm in diameter) and filmed the gutter for 30 min. For each trial (N ¼ 15 individuals per treatment), we scored 1) the duration of time each metamorph spent inside the pond; 2) the number of excursions to the pond; and 3) the maximal distance the young toad ventured into the pond. All trials were run during the day/light conditions described above, but in this set of trials, we maintained ambient humidity at 50% to stimulate toad movement to the pond edge. The experiment was run from 31 July to 6 August 2007.
Statistical analyses
We used 3-factor analysis of variance (ANOVA) to evaluate how a metamorph toad's food intake was affected by time of testing (day/night), illuminationlevels(light/dark),andthepresence/ absence of a potential cannibal in large and small arenas. We used logistic nominalregressions to test 1)effects of illumination levels (light/dark), time of testing (day/night), presence/ absence of a potential cannibalistic conspecific, and bin identity as a random factor in a nonnested analysis on the occurrence of spontaneous movements (2 classes for the dependent variable: moved or not) by metamorph toads; 2) effects of illumination levels, time of testing, and presence/absence of a cannibal on the tendency of a metamorph toad to move away (2 classes for the dependent variable: moved or not) after it was touched; and 3) effects of light levels and time of testing on the incidence of cannibalism (2 classes for the dependent variable: metamorph eaten or not) (Sokal and Rohlf 1995) . We used multivariate analysis of variance (MANOVA) and subsequent 2-factor ANOVAs to examine the effect of visual and chemical cues from a cannibalistic conspecific on the maximum distance the metamorphs ventured into the pond, the time spent in the pond, and the number of excursions to the pond. Our initial models always included main effects and all possible interactions of the tested variables, but when interactions were nonsignificant, they were excluded from the model and the analyses were run again.
RESULTS
Is the level of spontaneous activity affected by light levels, by an endogenous circadian rhythm, and/or by predation risk?
After correcting for bin effects (v 2 ¼ 12.58, degrees of freedom [df] ¼ 3, P , 0.01), the logistic regression showed that the probability of spontaneous movement by a metamorph toad was affected by ambient illumination levels (estimate ¼ 20. (Figure 1a ).
Is the diel rhythm of antipredator response affected by light levels, by an endogenous circadian rhythm, and/or by predation risk?
We analyzed these data with logistic nominal regression. Whether or not the toad responded to our touch by moving away was affected by ambient light levels (v 2 ¼ 51.93, df ¼ 1, P , 0.0001) but did not differ overall between trials conducted by day versus night (v 2 ¼ 0.47, df ¼ 1, P ¼ 0.49) nor by the presence of a predator-sized conspecific (v 2 ¼ 3.38, df ¼ 1, P ¼ 0.07). However, an interaction between these factors was significant. Brighter illumination increased toad responsiveness more by night than by day (v 2 ¼ 8.91, df ¼ 1, P , 0.003) but did not modify the impact of predator presence on toad responsiveness (v 2 ¼ 0.47, df ¼ 1, P ¼ 0.49; see Figure 1b ).
Food consumption was greater in well-lit conditions than in the dark both in small containers where metamorphs could forage without moving about and in larger bins where they had to travel to seize termites (Figures 1c and 2a) . In both cases, the effect of light level on food intake was highly significant (in large bins, F 1,36 ¼ 88.66, P , 0.0001; in small containers, F 1,36 ¼ 18.99, P , 0.0001). Time of day did not significantly affect feeding rates either for metamorphs in small containers (F 1,36 ¼ 1.28, P ¼ 0.264; see Figure 2a ) or for those in larger bins (F 1,36 ¼ 3.39, P ¼ 0.08).
Adding a large (and potentially cannibalistic) toad to each large enclosure significantly reduced food intake of metamorph toads (F 1,72 ¼ 33.43, P , 0.0001), especially in trials conducted in well-lit cages rather than in the dark (interaction, F 1,72 ¼ 26.03, P , 0.0001). As before, this interaction term reflects consistently low feeding rates in the dark, whereas predator presence could substantially reduce food intake in well-lit conditions that otherwise would have generated high rates of prey consumption (Figure 1c ).
Does vulnerability to predation depend on light levels or an endogenous circadian rhythm?
Most metamorphs were consumed within the 1-h period if trials were held in darkened conditions at night, but vulnerability was lower under all other combinations (Figure 2b) . Thus, the rate of cannibalism depended on light levels (v 2 ¼ 8.24, df ¼ 1, P , 0.001) and time of day (v 2 ¼ 6.25, df ¼ 1, P , 0.02), but the interaction between these factors was not significant (v 2 ¼ 0.012, df ¼ 1, P . 0.9).
What cues do metamorphs use to avoid larger conspecifics?
MANOVA analysis revealed that the behavior of metamorph toads was affected by the presence of both visual (HotellingLawley trace ¼ 0.235, F 3,76 ¼ 5.95, P ¼ 0.0011) and chemical (Hotelling-Lawley trace ¼ 0.317, F 3,76 ¼ 8.04, P ¼ 0.0001) cues from potentially cannibalistic conspecifics, as well as by an interaction between these 2 types of cues (Hotelling-Lawley trace ¼ 0.173, F 3,76 ¼ 4.39, P ¼ 0.0066). All 3 of these effects were evident on the maximum distance that metamorphs ventured into the pond (visual, F 1,78 ¼ 16.63, P ¼ 0.0001; chemical, F 1,78 ¼ 4.89, P , 0.03; interaction, F 1,78 ¼ 9.46, P , 0.003): metamorphs entered further into the pond when they could not see or smell a larger toad. If both visual and scent cues were present, the young toads rarely ventured far into the pond (Figure 3a) . The time spent in the pond was reduced by scent cues (F 1,78 ¼ 12.64, P ¼ 0.0006) but neither by visual evidence of a larger toad's presence (F 1,78 ¼ 1.15, P ¼ 0.29) nor by the interaction between visual and chemical cues (F 1,78 ¼ 0.035, P ¼ 0.85; Figure 3b ). Metamorphs made fewer visits to the pond if they could see a larger conspecific there (F 1,78 ¼ 7.54, P ¼ 0.0075). Scent cues had no main effect in this respect (F 1,78 ¼ 0.006, P ¼ 0.94) but reduced the number of pond visits if a larger toad was visible (F 1,78 ¼ 8.11, P , 0.006; Figure 3c ).
DISCUSSION
Our laboratory trials clarify both the proximate and the ultimate factors affecting diel rhythms of activity in metamorph cane toads and the specific issues of what proximate cues drive diurnal behavior and avoidance of larger conspecifics.
Proximate causes of diel activity in metamorph toads
The major proximate cue influencing activity levels, defensive responses (tendency to move away from ''attack''), and rates of food consumption of metamorph toads was illumination level.
The young toads responded directly to ambient light levels, increasing their activity in well-lit conditions and decreasing activity in the dark. The only obvious alternative cues that metamorphs might rely on to synchronize activity with daytime would be temperature (sometimes lower at night than by day), humidity, or some endogenous circadian clock. Temperature and humidity were held constant in our trials, precluding any role for these factors as stimuli for the diel shift in behavior. However, our results also reveal an endogenous rhythm in 
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Behavioral Ecology behavior: metamorphs tended to be more active, to respond more sensitively to disturbance, and to feed more rapidly by day than by night, regardless of other conditions. This pattern was manifested in significant interactions between light levels and time of testing for all variables that we measured. Although the day-night effect was weaker than the response to light levels in metamorph toads, our smaller data set on the larger (cannibalistic) toads suggests a strong endogenous rhythm. These cannibalistic toads largely refused to feed except in trials held under dark conditions and at night (Figure 2b ).
Ultimate causes of diel activity in metamorph toads
Inferring ultimate (adaptive) functions for any given behavior is always difficult, even if the proximate mechanisms stimulating that behavior are well understood. For example, our work shows that ambient light levels exert a causal influence on metamorph activity, responsiveness, and feeding rates, but the adaptive significance of that causal link remains ambiguous. Young toads might benefit from activity under well-lit conditions either because 1) these conditions reduce the threat of cannibalism or because 2) these conditions enable successful foraging. In support of the latter hypothesis, the eyes of metamorph toads have smaller visual rods than those of conspecific adults (Kinney and Fisher 1978) , and hence, the ontogenetic shift in activity times may have been driven by the young toads' inability to see clearly (and hence to forage effectively) under dim lighting. Equally, one could reverse cause-andeffect and interpret the relatively poor nocturnal effectiveness of metamorph visual systems as the mechanism by which natural selection has discouraged nocturnal activity.
In the face of such ambiguity, the most robust insights into the selective advantages of diurnal activity come from direct measures of costs and benefits, involving traits where the metamorphs' own behavior does not determine the outcome. This criterion is largely satisfied in our trials of vulnerability to cannibalism: metamorph behavior certainly influences vulnerability (see above and Hagman and Shine 2008; Pizzatto and Shine 2008) , but in such a way as to generate the pattern opposite to that we see. That is, metamorph behaviors at night and in the dark are liable to make them less vulnerable (Figure 1 ), but in fact, these are the conditions where most metamorphs were consumed (Figure 2b ). In combination with our field studies showing the same diel behavior shifts in metamorphs and the critical importance of prey movement in initiating cannibalistic attack (Pizzatto and Shine 2008) , the current study provides strong support for the hypothesis that diurnal activity in metamorph toads lessens the risk from predatory conspecifics. Other advantages and disadvantages may be significant also, but this is the only function for which we have empirical evidence.
Even under low illumination levels, larger toads were reluctant to attack by day. Thus, metamorphs are likely to be safe from cannibalism even if they encounter a larger toad in its well-shaded diurnal retreat site. That invulnerability disappears with fading light levels at dusk, and immobility becomes the young toad's best defense. Why then do some metamorphs continue to move about at night (Freeland and Kerin 1991) ? Can the advantages of nocturnal activity (greater availability of insect prey) sometimes outweigh the disadvantages (vulnerability to predation)? The answer may lie in seasonal and spatial shifts in the degree of danger posed by cannibalism. Nocturnal behavior may pose little risk to a metamorph under some circumstances, such as for the offspring from the season's first clutches (because there are no larger metamorphs around the pond margins to pose a threat) or during the wet season (when metamorphs rapidly disperse from the pond, again reducing encounter rates with larger conspecifics: Child, Phillips, Brown, and Shine 2008) . In such a situation, we expect (and see) an additional facultative component to metamorph feeding rates and activity levels: the young toads detect and react to the presence of a larger conspecific. The end result is to amplify the diel shift evident even without a cannibal's presence.
How do metamorph toads identify potential cannibals?
Both visual and chemical cues from larger toads are used by metamorphs to detect the presence of a cannibal and thus modify their movements and habitat use. Avoidance of cannibalism may be an important influence on the ecology of metamorph toads, affecting their diel activity cycles as well as spatial ecology. That effect is partly facultative (i.e., the presence of a cannibalistic conspecific, or cues from that animal, modifies metamorph activity as well as habitat selection) but more importantly may have acted as a selective force to entrain diurnal behavior in the smallest (and hence most vulnerable) age class in the terrestrial phase of the toad's life cycle. In keeping with this hypothesis, Fitzgerald and Bider (1974) suggested that cannibalism might be an important reason why juvenile American toads Anaxyrus americanus are diurnal, whereas the adults are nocturnal. Future work could usefully examine whether similar ontogenetic shifts of activity times in other toad species are consistent with this hypothesis.
Visual and chemical cues are used by many animals to identify predators, and some species sensitively discriminate between cues of conspecifics versus heterospecifics (e.g., Mathis 2003) . For example, juvenile Iberian rock lizards can discriminate among fecal chemicals deposited by conspecific juveniles, adult females, and males, and this discrimination influences the spatial distribution of juvenile lizards. In laboratory trials, juveniles moved away from chemical cues deposited by adult male conspecifics, thereby reducing the juvenile's vulnerability to cannibalistic attack (Moreira et al. 2008) . Similarly, odonate larvae react strongly to chemical or visual cues from larger (and thus potentially cannibalistic) conspecific larvae (Ferris and Rudolf 2007) .
Is cannibalism important in natural populations?
More generally, our results support the conclusion from previous work (e.g., Fox 1975; Polis 1981; Persson and Eklov 1995; Claessen et al. 2004; Rudolf 2007a Rudolf , 2007b ) that cannibalism can be a significant influence on individual behavior. The high frequency of cannibalistic interactions in many species may impose strong selection on smaller, more vulnerable individuals to behave in ways that reduce rates of encounter with larger conspecifics (Fox 1975; Rudolf 2007a) . Evidence for this proposition comes from studies on a wide range of taxa. For example, young dragonfly larvae decrease their activity levels and switch to diurnal foraging when older larvae are present (van Burskirk 1992), very much like the facultative component of this behavior in cane toads. Small salamanders and lizards change their microhabitat use in the presence of larger conspecifics (Blomberg 1994; Rudolf 2006) . Ontogenetic shifts in habitat in chameleons also may reflect avoidance of cannibalism (Karen-Rotem et al. 2006) . Adult Chameleo chameleon are arboreal, whereas juveniles stay in grasslands. As in our own study system, the habitat selection of juvenile chameleons exposes them to unfavorable conditions (high temperatures, less shade, and less protection against predators) but protects them against cannibals (Karen-Rotem et al. 2006) . One important feature of the cane toad system that we studied involves the reliance of anurans (especially small individuals) on moist substrates. This dependency may limit the ability of metamorphs to avoid larger conspecifics by shifting habitats (like the lizards and salamanders referenced above) rather than activity times. Indeed, during the wet season when the surrounding landscape is moist, cane toads emigrate from their natal ponds almost as soon as they metamorphose (Child, Phillips, Brown, and Shine 2008) . This option is not available during the dry season, when the young toads must remain close to the ponds (Child, Phillips, Brown, and Shine 2008) , and thus, shifting to diurnal activity may provide the only solution to avoiding cannibalistic conspecifics.
Ontogenetic shifts in the times and/or places of activity presumably are opposed by the many species-specific attributes that enable organisms to thrive under specific conditions (regardless of body size). Hence, ontogenetic divergence will evolve only when the costs of cannibalistic encounter outweigh whatever benefits keep older conspecifics within ''preferred'' habitats. Such costs will depend on many factors, but one critical issue may be the importance of predation risk from conspecifics as compared with other predator species. Invasive species such as the cane toads that we studied thus provide an extreme example because of their relative invulnerability to Australian predators (mostly unable to deal with the toadspecific toxins possessed by B. marinus: Phillips et al. 2003) . If predation risk thus comes primarily from conspecifics rather than other predator species, metamorph cane toads may be under intense selection to adopt diurnal habits during the life-history phase when they are most vulnerable to cannibalism. The strong selection that cannibalism imposes on animal behavior may have major effects at both population and community levels. Recent studies reinforce the important role of intraspecific predation on population Persson et al. 2004; Andersson et al. 2007 ) and community structure dynamics, driving whole trophic cascades and shaping predator-prey relationships (Persson et al. 2003; Rudolf 2006 Rudolf , 2007a Rudolf , 2007b . 
